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Abstract—A novel model of the pinna (outer ear) is presented.
This is to increase the understanding of the effect of the pinna
on the on-body radiation pattern of an antenna placed inside
the ear. Simulations of the model and of a realistically shaped
ear are compared to validate the model. The radiation patterns,
including the phase and gain, and the radiation efﬁciency are
compared.
I. INTRODUCTION
Body-centric wireless communication has in recent years
been the focus of attention for a lot of research. One of the
main motivations is the commercial interest for wireless sys-
tems in body-worn devices. Particularly, it is of special interest
to the hearing instrument (HI) manufacturers to investigate the
possibility of Ear-to-Ear (E2E) communication. This area has
been discussed in [1]-[4].
II. THEORY
The possibility of modeling the pinna as a dielectric slab is
discussed in [1], but the effect of the pinna seems to have been
accounted for twice. First from the simulated far-ﬁeld radiation
pattern and then from the model. The effect of a dielectric
slab on a perpendicular incident plane wave obtained from [5]
is given in Eq. 1 and 2 for the transmission and reﬂection
coefﬁcient:
Tpinna =
T1T2e
−γl
1 + Γ1Γ2e−2γl
(1)
Γpinna =
Γ1 + Γ2e
−2γl
1 + Γ1Γ2e−2γl
(2)
where T1 and T2 are the transmission coefﬁcients for the
air-pinna and pinna-air interface, respectively, Γ1 and Γ2
are the reﬂection coefﬁcients for the air-pinna and pinna-air
interface, respectively, γ is the propagation constant of the
lossy dielectric, and l is the thickness of the dielectric slab. The
transmission and reﬂection coefﬁcient for different thicknesses
of the dielectric slab are plotted in Fig. 1 for a lossy dielectric
with a relative permittivity of r = 50 and a loss tangent of
tanδ = 0.5.
The on-body radiation pattern will be used to evaluate the
radiation pattern. This is taken from [3] where it is used to
calculate E2E path gain, based on multiple elliptical paths in
a similar manner as in [1]. In [3] the phase is not taken into
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Fig. 1. Dielectric slab effect on a plane wave. Gain (a) and phase (b) of the
plane wave reﬂection and transmission coefﬁcient.
account, but here the phase of the electric ﬁeld will be taken
into account with the gain as given by Eq. 3:
Gon−body(φ) =
∫ π
0
Gθ(θ, φ)e
j  Eθ(θ,φ)sinθdθ. (3)
The resulting Gon−body(φ) will have both a magnitude or
”gain” and a phase. Since the on-body gain directly inﬂuences
the E2E path gain, it is important to understand how the on-
body gain is changed by the presence of the ear. A simple
model of the pinna has been developed for this purpose.
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Fig. 2. The ear models. SAM head phantom with added ears used for real ear simulations, side view (a) and front view (b). The simple ear model, cut from
side (c) and 3D view (d).
For the simulation the z-axis is oriented perpendicular to the
surface of the head and the x-axis points in the upwards
direction.
III. SIMULATIONS
To investigate the effect of the pinna, simulations in Ansoft
HFSS v. 15.0 were done on the so called speciﬁc anthropomor-
phic mannequin (SAM) head. The head was given ears with
an ear canal to model a realistic head. The ear models used
were obtained from GN ReSound A/S. The company uses a
number of ears for simulations and measurements for acoustic
and electromagnetic purposes. Every human has a different
head and ears. To limit the simulations and calculations, only
a speciﬁc head and ears were tested. In Fig. 2b and 2a the head
can be seen. A short PEC dipole with a length of 4 mm and
diameter of 0.5 mm was chosen to mimic a point source. The
simulations were done at 2.45 GHz. The dipole was oriented
perpendicular to the surface of the head since this is most
effective [4]. In free space the antenna has an omnidirectional
on-body gain of 3 dB with 0° phase change. The antenna
center is located 5 mm above the surface of the head. The
simulation results can be seen in Fig. 3. The thickness of the
ear used is around 4.5 mm where it is thinnest. From Fig. 1
the expected gain loss and phase change from a dielectric slab
of 4.5 mm thickness would be 13 dB and −85°. The phase
almost matches the simulation, but the gain is higher in the
simulation. It is seen that the gain in the forward direction
(φ = −90°) is low.142
IV. MODEL AND COMPARISON
From the results of the initial simulations a new model is
suggested. It models the pinna and the trague, i.e., the small
piece of cartilage in front of the ear canal, as two small
dielectric slabs. Besides that a rectangular hole is added to
model the concha, the largest and deepest concavity of the
pinna. The model can be seen in Fig. 2c and 2d. In Fig. 3 the
on-body gain and phase from HFSS simulations of the model
can be seen and compared to the results of the real ear. The
radiation efﬁciency of the simple model and the realistic ear
is shown in Fig. 4. A very good correspondence between the
simple model and the realistic ear simulations is seen.
The positive phase in the forward direction can be explained
by reﬂections off the pinna. The wave propagates approx-
imately 30 mm, i.e., an electric length of ∼ 90◦ and the
reﬂection, as shown in Fig. 1b, results in a phase reversal
of ∼ 180◦—in total ∼ 90◦. When the reﬂections add with
the wave traveling directly from the antenna it results in a
slightly positive phase. The phase in the backwards direction
for the simple model is not quite as negative as for the
realistic ear. This can be explained by the fact that some of
the electromagnetic waves might creep around the pinna and
from reﬂections off the trague. Different sizes of the pinna
in the simple model was tested and it was observed that a
large pinna would give a too high forward gain and a too
little backwards gain. At the same time it would make the
forward phase more positive and the backwards phase more
negative. As the antenna is moved closer to the head the gain
drops faster in the forward direction than in the backwards
direction. This is observed in both the realistic ear and the
simple model simulations.
The efﬁciency is seen to drop with around 2 dB per
millimeter. Since both HIs would see this drop, the E2E path
gain would decrease with around 4 dB per millimeter if the
radiation pattern and polarization remain unchanged.
V. CONCLUSION
A simple model of the pinna was created to get a better
understanding of the effect of the pinna on the far-ﬁeld
radiation of small HI antennas. The model consists of just two
dielectric slabs and a rectangular hole. It is shown that a simple
ear model can largely reproduce the effects of a more realistic
ear model, in terms of the gain and phase of the far-ﬁeld. The
model reveals that signiﬁcant reﬂections occur inside the ear,
which contributes to the complex environment in which the
HI antennas are located.
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Fig. 3. Simulation results of on-body gain (a) and phase (b).
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Fig. 4. Simulated radiation efﬁciency of model and real ear.
[4] S. H. Kvist, J. Thaysen and K. B. Jakobsen, Polarization of Unbalanced
Antennas for Ear-to-Ear On-Body Communications at 2.45 GHz, in
2011 Loughborough Antennas and Propagation Conference (LAPC),
Loughborough, UK, Oct. 2011.
[5] C. A. Balanis, Advanced Engineering Electromagnetics 2nd edition,
Wiley, January 2012.143
